Little is known about the microbial community structure associated with soil aggregation in microaggregates (0.25-0.05 mm) that are held within macroaggregates (>0.25 mm). We investigated the effects of irrigation, tillage, and cropping system on aggregate distribution and the community structure of the predominant culturable bacteria in microaggregates held within macroaggregates from 2005 to 2008 at a site in western North Dakota. Managements were malt barley (Hordeum vulgare L.) under no-till and conventional till and an established no-tilled Conservation Reserve Program (CRP) plantation on Lihen loam (sandy, mixed, frigid, Entic Haplustolls) under irrigated and dryland systems. We predicted that microaggregates held within macroaggregates of irrigated no-till barley and CRP management have a higher proportion of the predominant culturable bacterial species that have the capability to aggregate soil than in irrigated and nonirrigated conventional till barley managements. Fatty acid profiling and DNA sequencing were used to identify bacterial isolates and a soil sedimentation assay to determine their soil-aggregating ability. The proportion of soil aggregating Gram-negative bacteria, dominated by pseudomonads and Stenotrophomonas maltophilia, was higher under irrigated no-till barley and CRP compared with the other managements. Species abundance and diversity of the soil-aggregating bacterial isolates were the highest in irrigated no-till barley and CRP and the lowest in irrigated conventional till barley. We demonstrated that, under irrigated management with high residue input, microaggregates held within macroaggregates represent a distinct environment that selects for specific soil-binding microbial communities that may contribute to soil structural stability at the 0-to 5-cm depth.
I
n semiarid sandy soil of the Northern Great Plains in western North Dakota, irrigation greatly enhances crop productivity. Changes in soil water availability by irrigation influence transport of nutrients, oxygenation, soil temperature, and pore size distribution and therefore could impact the physiology and structure of soil microbial communities (Entry et al., 2002 ) that in turn provide for organic matter degradation, mineralization of essential plant nutrients, and maintenance of soil aggregation.
The presence of fine particulate organic matter in various stages of decomposition, mineral particles, fungal hyphae, and microbial extracellular polymeric substances (EPS) on or inside the microaggregates can trigger the formation of macroaggregates (Golchin et al., 1994) . The aggregate hierarchy model proposed by Tisdall and Oades (1982) and supported by many researchers (Jastrow, 1996; Six et al., 1998) stated that microaggregates are bound together to form macroaggregates by relatively labile binding agents from organic matter, such as polysaccharides from plant root and fungal mucilage, and microbial EPS. The presence of polyvalent cations released into the soil solution could strengthen bonds between organic matters and increase the stability of the macroaggregates (Tisdall, 1991) . Bacteria living in aqueous solutions within soil aggregate pores where they get energy and nutrients from organic matter of plant residues (Waters and Oades, 1991) can attach to surfaces of microaggregates as scattered individual cells, microcolonies, or biofilms. They interact with microaggregates in many ways, such as biodegradation of organic matter, organo-mineral associations, and aggregation. Growth of a wide variety of bacteria is accompanied by the production of EPS (Tiessen and Stewart, 1988; Foster, 1988) as capsule-like structures attached to cell envelopes (i.e., cellbound EPS) or as peripheral slime polymers released into solution (free EPS) with adhesive properties (Aspiras et al., 1971) . The generally negatively charged EPS such as polysaccharides, polyuronic acids, and many amino compounds with adhesive properties form bonds between particles of clay. Chaney and Swift (1986) suggested that bacterial EPS adhere to microaggregates that make bridges to form larger aggregates.
The effects of tillage management in irrigated agricultural systems on broad microbial community composition of whole soils have been studied (Entry et al., 2003; Drenovsky et al., 2004) . However, little is known about these effects on soil-binding bacterial communities in microaggregates (0.25-0.050 mm) held within the macroaggregates (>0.25 mm ) in irrigated cropping systems compared with dryland systems in semiarid Northern Great Plains, where annual precipitation can be as low as 300 mm (Sainju et al., 2008) . Because macroaggregates consist of an assemblage of microaggregates held together by binding agents produced by specific microbial communities, investigating the composition, physiological attributes, and potential soil-binding capacity of the predominant species living in/on the microaggregates is essential for understanding whether or not these species contribute to the formation of macroaggregates. We tested the hypothesis that irrigation and implementation of no-tillage to increase organic matter in the semiarid Northern Great Plains would influence the composition and population sizes of specific predominant bacterial species within the community of soil-aggregating bacteria in microaggregates held within macroaggregates in comparison with dryland systems.
Our objective was to investigate whether or not the predominant heterotrophic culturable soil-aggregating bacterial populations in soil microaggregates (0.25-0.05 mm) held within macroaggregates (>0.25 mm) were influenced after 3 years of different irrigation (irrigation (irr) vs. nonirrigation (nirr)) and tillage (conventional tillage (CT) vs. no-tillage (NT)) of barley and a Conservation Restoration Program (CRP) plantation (control) at the 0-to 5-cm soil depth in western North Dakota. By understanding how tillage and irrigation affect these populations, we can gain insight into functionally important species that express traits that cause macroaggregate formation. clay, and pH 7.7 at the 0-to 20-cm depth. The resident vegetation in the CRP planting for the last 20 years was dominated by alfalfa (Medicago sativa L.), crested wheatgrass (Agropyron cristatum (L.) Gaertn.), and western wheatgrass (Pascopyrum smithii (Rydb.) A. Love).
MATERIALS AND METHODS

Field
Treatments consisted of two irrigation systems (irrigated vs. nonirrigated) and three management practices (no-till malt barley with N fertilization, conventional till malt barley with N fertilization, and no-till planting (CRP) containing alfalfa and grasses with no N fertilization). The N fertilization rate for irrigated no-till and conventional till malt barley was 134 kg N ha −1 and for nonirrigated no-till and conventional till malt barley was 67 kg N ha . For conventional till malt barley, plots were tilled with a rototiller to a depth of 10 cm in April 2005. Tillage and fertilization treatment were applied annually. Resident vegetation in no-till treatments, except in CRP, was killed by applying glyphosate (N-(phosphonomethyl) glycine)) at 3.5 kg active ingredient ha −1 before crop planting in April 2005. The experiment was arranged in a randomized complete block, with irrigation as the main plot and management practice as the split-plot factor. Each treatment had three replications. The size of the experimental plot was 10.6 Â 3.0 m.
Malt barley (cv. Certified Tradition, Busch Agricultural Resources, Fargo, ND) was planted in May 2005 at 3.8-cm depth at 90 kg ha −1 in the irrigated treatment and 67 kg ha
in the nonirrigated treatment with a no-till drill. In irrigated malt barley, half of N fertilizer as urea (or 67 kg N ha
) was banded at planting and the other half was broadcast at 4 weeks after planting. In nonirrigated malt barley, all N fertilizer was banded at planting. Phosphorus fertilizer (as triple superphosphate at 25 kg P ha −1 ) and K fertilizer (as muriate of potash at 21 kg K ha ) were banded to malt barley at planting. The amounts of N, P, and K fertilizers applied to malt barley were based on soil test and crop requirement. No fertilizers were applied in CRP. However, as with other management treatments in the split-plot arrangement, CRP plots received either irrigation or no irrigation. In irrigated plots, water was applied at the rate of 10 to 25 mm per application in a series of five irrigation events using a selfpropelled irrigation system from mid-June to mid-July (a total of 87 mm) based on soil moisture content.
Soil Collection and Aggregate Fractionation
In the spring of 2006 to 2008, soil was collected randomly from eight different places of each plot using a foot probe at 0 to 5 cm, composited within a plot and stored at 4°C for 24 to 48 h. Field-moist soils were passed through a 4.75-mm sieve to discard rocks and large plant debris. The sieved soils were spread on trays to air-dry in a cold room (4°C) for 2 days to minimize the impact of air-drying on microbial communities and activities until a water content of about 100 g kg −1 was reached (Sainju, 2006; Schutter and Dick, 2002) . Soil was then fractionated into aggregates using a dry-sieving method by placing 500 g of cold-dried sieved soils in a nest of sieves (20-cm-diameter sieves; Soil Test Inc., Evanston, IL) containing 2.00-, 0.25-, and 0.05-mm sieves arranged in descending size order and placed on an oscillating shaker (Endecotts Limited, London, UK) at amplitude 7. Sieves were mechanically shaken horizontally for 1 min to separate soil into the following aggregate size classes: more than 2.00 mm, 2.00 to 0.25 mm, 0.25 to 0.05 mm. The aggregate proportion in soil (grams aggregate per kilogram soil) was measured in aggregate size classes, and the mean weight diameter (MWD), defined as the sum of the weighted mean diameters of all size classes and used as an index of aggregate stability, was calculated according to the procedure of Kemper and Rosenau (1986) .
Only macroaggregates (>2.00 mm and 2.00-0.25 mm combined) were mechanically disrupted by wet sieving. To obtain microaggregates (0.25-0.05 mm) held within macroaggregates, 100 g of macroaggregates were disrupted by immersion in deionized water on top of 2.00, 1.00, 0.25, and 0.05 mesh sieves and agitation by raising and lowering the sieves manually for 3 min (50 times per minute). Aggregates of size class 0.25 to 0.05 mm (microaggregates from disruption of macroaggregates) that were retained on the 0.05-mm sieve were used immediately to isolate the predominant bacterial communities.
Isolation of Bacteria
Microaggregates (1 g) were agitated in MgSO 4 buffer (0.1 M, pH 7.3) with sterilized glass beads (0.5 mm) for 16 h at 4ºC on a rotary shaker according to the procedure of Caesar-TonThat et al. (2013) . Briefly, resulting soil suspensions were transferred to microporous filter-equipped plastic bags (Seward Medical, London, UK) and homogenized for 1 min with a blender (Seward Stomacher 80; Seward Medical, London, UK) to separate the bacteria from larger particles, including fungal mycelia and spores. The bacterial suspension recovered from the plastic bags was diluted with MgSO 4 buffer and plated on a low-nutrient medium (0.1% tryptic soy broth agar (TSBA); Difco Laboratories, Sparks, MD) in triplicate using a spiral plater (Don Whitley Scientific Limited, West Yorkshire, UK). The basic concept of spiral plating is to continuously deposit a known volume of sample on a rotary agar plate in the form of an Archimedes spiral (Gilchrist et al., 1973; Jarvis et al., 1977) . The amount of sample evenly decreases while the dispensing stylus is moved from the center to the edge of the rotating agar plate. The beginning to the end of the spiral at the periphery of the plate represented a 3-logarithmic unit dilution when 150-μL aliquots of soil suspensions were plated (Jarvis et al. 1977) ; thus, 10 5 cells/g soil represented a typical population level at which the colonies that were considered the predominant isolates were obtained. Plates were incubated for 4 to 5 days at 28°C. Colonies (n = 24) growing at the end of the spiral plates were collected for each of the three replicate samples for a total of 72 colonies and thus represented the predominant bacteria for each treatment. In total, 1,296 colonies from the six treatments were isolated during the 3 years of the study. The colonies were further purified and stored at −80°C in Luria-Bertani medium amended with 15% glycerol. The colonies were analyzed individually for their fatty acid methyl ester (FAME) profiles as a means of identifying and phenotypically characterizing all the isolates (Cavigelli et al., 1995) . The DNA of bacterial species that were positively assayed for soil-aggregating ability were further sequenced to correlate with the identification using FAME profiling.
Identification by FAME Profiling and DNA Sequencing All predominant isolates from the microaggregates were identified using FAME profiling (Cavigelli et al., 1995) . Briefly, fatty acids were obtained by saponification by transferring triplicate samples (40-50 mg) to reaction tubes followed by addition of 1 mL of a solution containing 150 g NaOH in 1 L of 50% methanol and saponification for 30 min at 100°C in a water bath. To methylate the liberated fatty acids, 2 mL of 6 N HCl in methanol was added to each tube, followed by methylation for 10 min at 80°C in a water bath, then tubes were cooled in cold water. To extract FAME from the aqueous phase, 1.25 mL of hexane/methyltert-butyl ether (1:1 vol/vol) was added to each tube, and the tubes were rotated end-over-end for 10 min. After removal of the aqueous phase, 3 mL of 1.2% NaOH in water was added to each tube and the tubes were again rotated for 5 min. The organic phase containing FAME was then removed from the tubes and placed in a gas chromatography vial. Fatty acid extracts were analyzed by gas liquid chromatography (Agilent 6890N; Agilent Technologies Inc., Wilmington, DE). Fatty acid methyl ester compounds were identified using the Microbial Identification Software (Sherlock Aerobic Bacterial TSBA50 Library; Microbial ID Inc., Newark, DE).
To corroborate identification made by FAME profiling with molecular-based methods of identification, isolates with the highest similarity index to a given species among the most efficient soil-aggregating isolates were further processed for DNA sequencing to confirm their identity and position in a phylogenetic tree having strain types from the Ribosomal Database Project (Cole et al., 2003) . DNA from the isolates was extracted using a Qiagen (Valencia, CA) DNeasy Tissue kit. Polymerase chain reaction (PCR) amplification of the 16S rRNA gene region used primers 16S-27f (5′-GAGTTTGATCCTGGCTCAG-3′) and 16S-960r (5′-GCTTGTGCGGGYCCCCG-3′) with the following cycling conditions: 95°C (10 min); 25 cycles of 94°C (30 sec), 56°C (30 sec), 72°C (2 min); and then 72°C (2 min). A 50-μL reaction was performed for each isolate, and PCR products were purified using a QIAquick PCR Purification kit (Qiagen). Purified templates were sequenced in two directions with an ABI 3130 automated sequencer (Applied Biosystems, Foster City, CA) using the same primers listed above. Isolate DNA sequences generated in this study are available from the corresponding author and were aligned using CLUSTALW (Thompson et al., 1994) . Maximum Parsimony (MP) analysis of the data set was performed using PAUP* version 4.0b8 (Swofford, 2000) . The heuristic MP search used 500 random taxon addition sequences and the tree-bisection-reconnection branch-swapping algorithm. All characters were weighted equally, and insertion/ deletion events were treated as missing data. A 10,000 replicate "fast" stepwise-addition bootstrap analysis was conducted to assess clade support.
Sedimentation Assay
A sedimentation assay was used under controlled laboratory conditions to screen culturable bacterial isolates for soilaggregating ability. A cell concentration of about 10 6 cells mL
from cultures of isolates (24-48 h on 0.1% TSBA)) was washed once with deionized water (Li and Logan, 2004 ) then added to glass tubes containing deionized water (10 mL) and 1. ; Universal/Hi-Vision fluorescent light F32T8/TL735; Philips, NY) for multiple samples were captured using a digital camera (model D-80; Nikon, Japan) with night vision settings (near infrared, 800-1,000 nm) at 24.78ºC ± 0.746ºC. The captured images were calibrated by referring white (255 in gray-scale value) and black (0 in gray-scale value) image spots. Adobe Photoshop (version 7.0) was used for the conversion of the images in a gray-scale value of each target suspension into the reflectance (expressed in percentages) that directly correlates to relative differences of the suspension density; 100% reflectance for maximum density and 0% for minimum density. A reflectance ratio (percent reflectance of the suspension with bacterial cells added divided by the reflectance of a control solution without cells added) was calculated for each isolate, and values were averaged for all the isolates for each species. The suspension with reflectance ratio more than 2 was arbitrarily established as a threshold, which represents species that aggregate soil. Ratios less than 2 represented the activities of species that were inconsistent or marginal in aggregating ability.
Statistical Analysis
The Honestly Significant Difference test of Tukey-Kramer in analysis of variance procedure was used to analyze data on the soil aggregate size distribution and the soil sedimentation assay, with significance level evaluated at P ≤ 0.05 using the JMP statistical software package (version 9.0.2, 2011; SAS Institute Inc., Cary, NC). Irrigation was considered as the main plot; management practices as the split plot. The predominant isolates (n = 24) of each of the three replicate samples of each treatment were tested to determine their soil-aggregating ability. The soil-aggregating isolates were averaged to give what is referred to as the mean count. These means were fitted to a repeated-measures model using the PROC GLIMMIX (SAS Institute Inc., Cary, NC) procedure that uses a logit model (Littell et al., 2006) . Treatments and years were modeled as fixed effects. Blocks were modeled as random effects. Counts were fitted as being normally distributed and diagnostic plots such as residuals plotted against predicted values and normal quantile plots of the residuals suggested fitting counts as being normally distributed was reasonable. A compound symmetric variance-covariance structure was used for fitting the variance-covariance of the repeated measures as this seemed to be adequate when fitting repeated measures for bacteria and total counts. To calculate the species diversity identified by FAME profiles, the Shannon and Weaver (1969) index H = − ∑ (n i /N) (log n i /N) was used, in which n i is the number of individuals observed for each species and N is the total number of individuals observed in each treatment. Rarefaction curves were constructed to compare the richness of the soil-aggregating culturable species of the six treatments for 3 years (2006) (2007) (2008) . Rarefaction calculations were done using the software Species Diversity and Richness III, version 3.03. The program uses the rarefaction equations described by Heck et al. (1975) .
in either the 4.75-to 2.00-mm or less than 0.25-mm size classes (Table 1) . Irrigated and nonirrigated soils of no-till CRP (CRPNT) planting and no-till barley (BNT) treatment exhibited a significantly higher proportion of the large macroaggregates (4.75-2.00 mm size class) and higher MWD than soils of conventional till barley (BCT) in each of the 3 years (2006) (2007) (2008) . Only CRP showed a significantly lower proportion of small macroaggregates (2.00-0.25 mm) than the other treatments. In general, the proportion of large macroaggregates (4.75-2.00 mm) in irrigated systems was significantly higher than that in nonirrigated systems during the 3 years, but no difference was found in the other aggregate size classes (2.00-0.25 mm and <0.25 mm). In general, no-till systems had a significantly higher proportion of large macroaggregates and higher MWD than conventional tilled systems.
Identification by FAME profiling and testing for soilaggregating ability of the predominant culturable bacteria (1,296 isolates) isolated from the microaggregates held within macroaggregates of the six different managements resulted in 27 Gramnegative (GN) species of Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Flavobacteria, and Sphingobacteria classes and 13 Gram-positive (GP) species of the Bacilli and Actinobacteria classes (Table 2) . To corroborate the identification by FAME of the soil-aggregating species, the 16S rRNA amplification region of all the soil-aggregating species were DNA sequenced and analyzed. In general, the two methods of identification placed the isolates as members of the same family clusters and same genera. Figure 1 indicates the position of these isolates in the MP tree. Among the noticeable discrepancies between the two methods, Paenibacillus validus (isolate 9007) (referring to the respective FAME-based Table 2 ) identified by FAME was found belonging to the genus Bacillus by DNA sequencing (Fig. 1) . Also, as above, Acetobacter aceti (isolate 11988) and Brevundimonas diminuta (isolate 9207) were both found belonging to Asticcacaulis, and Burkholderia (isolate 8991) was found belonging to Stenotrophomonas by DNA sequencing. Of all the culturable soil-aggregating isolates that were identified by FAME profiling and DNA sequencing, the percentage of Pseudomonads (P. agarici; P. chlororaphis; P. fluorescens biotypes A, B, C, and G; P. putida; and P. syringae) were greater in CRPNTirr (17.7%), CRPNTnirr (18.42%), and BNTirr (16.05%) compared with BCTirr (0%) and BCTnirr (3.22%) and BNTnirr (0%). Stenotrophomonas maltophilia was more abundant in both CRP and both barley notill managements, ranging from 11.11% to 20.58% than the irrigated and nonirrigated barley conventional till treatments, 4.17% and 3.22%, respectively. Bacillus atrophaeus dominated under CRPNTirr (14.8%) and BNTirr (20.99 %) compared with the other treatments. Management under CRPNTirr had the highest number of soil-aggregating species (n = 29) followed by BNTirr (n = 24) and BCTirr that had the least number of species (n = 8). Species in the two CRP no-till managements were more diverse compared with the other managements and more diverse in no-till barley (BNTirr and BNTnirr) than in BCTirr management. Figure 2 indicates the effects of management practice, irrigation, and year on the mean number of the predominant isolates of culturable soil-aggregating bacteria (GN bacteria, GP bacteria, and GN and GP bacteria combined). Management under CRPNTirr, CRPNTnirr, and BNTirr had higher mean counts of GN aggregating bacteria than under the other three managements (Fig. 2A) ; BNTirr and CRPNTirr had significantly higher GN aggregating bacteria than their nonirrigated counterparts, whereas there was no difference between BCTirr and BCTnirr managements ( Fig. 2A) . Results on mean counts of predominant isolates of culturable soil-aggregating GP bacteria (Fig. 2B) showed no significant differences between BNTirr and BNTnirr, between BCTirr and BCTnirr, or between CRPNTirr and CRPNTnirr managements. The BNTirr and CRPNTirr had the highest mean counts of soil-aggregating GN and GP combined (Fig. 2C) when compared with the other managements. Table 3 indicates that mean counts of GN and GP soil-aggregating bacteria differed among treatments but depended on irrigation practices. Data also showed that any interaction with year was insignificant.
DISCUSSION
We demonstrated that, in a semiarid region of the Northern Great Plains, management practices can affect soil aggregation, aggregate stability, and the community structure of the predominant soil-aggregating culturable bacteria in microaggregates that were obtained from mechanical disruption (wet sieving) of macroaggregates from barley cropping system and CRP plantation at the surface soil layer (0-to 5-cm depth).
Under BCT management, regardless of irrigation, data indicating a lower proportion of large macroaggregates (4.75-2.00 mm) and 1 The management practices are barley no-till irrigated (BNTirr) and nonirrigated (BNTnirr); barley conventional till irrigated (BCTirr) and nonirrigated (BCTnirr); Conservation Reserve Program no-till irrigated (CRPNTirr) and nonirrigated (CRPnirr).
2 Average of reflectance ratio (reflectance measurement of soil suspension containing 10 6 cells/mL after 5 min of sedimentation time divided by reflectance measurement of soil suspension without bacteria added) obtained from all isolates of each soil-aggregating species. 3 Isolates from species that have the highest similarity index and the reflectance ratio greater than 2 were DNA sequenced and analyzed (see Fig. 1 ). The similarity index indicated between parentheses was based on MIDI Aerobic Library TSBA50. 4 Shannon-Wiener Diversity Index. The assigned number of the isolate is indicated before the similarity index. NA, not available.
MWD than in the other managements could be explained by depletion in essential soil nutrients necessary for microbial activity, which could prevent macroaggregate formation and stability. Conventional tillage incorporated plant residues into the soil and resulted in rapid mineralization of organic matter (Peterson et al., 1998) . Irrigation ultimately accelerated organic matter decomposition and disappearance . In contrast, residue decomposition and soil mineralization are reduced under the undisturbed no-till irrigated and nonirrigated CRPNT and BNT managements, resulting in long-lasting supply of nutrients to microorganisms for their activity and an increased proportion of macroaggregates and MWD compared with BCT management (Six et al., 2000) . Irrigation of CRPNT and BNT ultimately increased crop yield and root biomass and provided continuous plant residues (crop biomass). A highly significant relationship between the amounts of plant residue cover with MWD has been reported (Martins et al., 2009) .
In this study, we demonstrated a higher proportion of soil-aggregating GN bacteria in microaggregates held within macroaggregates of soil under CRPNTirr and BNTirr than in other managements, indicating that these bacteria can proliferate throughout the surface soil matrix wherever microbial activity associated with organic resources occurs. An increase in the amount of water applied through irrigation can produce high crop yields, a large amount of residue returned to the soil, and a high root biomass and microbial activity compared with nonirrigated systems (Curtin et al., 2000) . This is particularly true under CRPNT because the presence of perennials (alfalfa, crested wheatgrass, and western wheatgrass) produces greater root biomass than in annual crops, especially in surface soil layers (Ma et al., 2000; Bronson et al., 2004) . Griffiths et al. (2003) demonstrated that irrigation appears to favor increased C input to soils via increased litter and root production. It is possible that conditions that augment soil water content (irrigation) and organic nutrients FIG. 1. One of 57 most parsimonious trees, 929 steps in length, resulting from the analysis of 16S rRNA gene sequences (492 aligned bases; 226 of these parsimony informative) from 35 soil-aggregating bacteria and 13 known type strains of related bacteria. Isolates identified using the FAME identification method are indicated as in Table 2 with similarity indices between parentheses, whereas taxa used as phylogenetic placeholders (shown in italics, with GenBank accession numbers following specific epithet) are from the Ribosomal Database Project II Hierarchy Browser collection of sequenced Type Strains (Cole et al. 2003) . Consensus bootstrap values (>50 %) are shown above or next to branches.
(no-tillage) in barley and CRP systems could create a distinct microbial habitat in microaggregates held within macroaggregates that is similar to the rhizosphere; this distinct habitat could be suitable to the zymogenous organisms or "r" strategist type (Van Elsas et al., 2007) , such as GN bacteria (exemplified by the pseudomonads); these types of microorganisms depend on the input of fresh organic material to proliferate and possibly become metabolically more active in producing adhesive EPS (Fierer et al., 2003; Gannon et al., 1991; Glandorf et al., 1994) . The capability of the GN communities from BNTirr and CRPNTirr managements to aggregate soil could contribute to higher formation and stability of soil macroaggregates. In contrast, elevated soil surface temperatures at our semiarid site in North Dakota can result in rapid soil drying in July through August without irrigation, resulting in a low crop yield, low residue input, and slow surface plant residue decomposition. This could explain a lower degree of viability of the zymogenous GN bacteria populations in microaggregates under CRPNTnirr and BNTnirr compared with CRPNTirr and BNTnirr managements. Besides their association with high nutrient level environment (zymogenous organisms), GN bacteria may be vulnerable to water stress (soil desiccation) because their thin and flexible cell wall offers less protection against desiccation (Harris, 1981) .
Pseudomonas species commonly found in high-nutrient rhizospheric environments produce polysaccharides with adhesive properties, such as gellan (Banik et al., 2000) , which have been proposed to play a role in aggregate stabilization (Martens and Frankenberger, 1992) . Stenotrophomonas maltophilia is a rodshaped and obligate aerobic bacterium that produces polysaccharides (Read and Costerton, 1987) that can adhere to sandy soil particles (Ronner and Wong, 1998) , as well as on biological and abiotic surfaces, such as plastic, glass, and Teflon (Jucker et al., 1996) . Both genera have been reported to have the capability to construct biofilms (Baum et al., 2009; Huang et al., 2006) , and both have polar flagella that have been implicated in the surface adhesion process and biofilm formation (Montie and Stover, 1983; de Oliveira-Garcia et al., 2002) . It is conceivable that irrigated management under no-till BNTirr and CRPNTirr provides conditions adequate for the growth and activity of these species (Pseudomonas species and S. maltophilia), which may act as soil aggregators, thus contributing to the formation of stable macroaggregates (Fechtner et al., 2011; Decho, 2000) .
In general, GP bacteria, such as Bacillus, and related organisms are more stable and resistant to dessication (Van Gestel et al., 1993) because of their thick and rigid cell wall structure consisting of several layers of peptidoglycan that has a high degree of elasticity and can more efficiently achieve water potential equilibrium with its environment (Scheurwater and Burrows, 2011) . They can be Significant difference at *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
classified as part of the autochthonous (indigenous) soil microbial community that can survive in natural conditions with extremely low nutrient supplies (Van Elsas et al., 2007) . Predominance of soil-aggregating B. atrophaeus and B. cereus in all managements indicate that these soil-aggregating GP are adaptable to grow under various environmental conditions. In conditions of high organic matter and adequate soil water content (e.g., BNTirr and CRPNTirr), they might contribute to soil aggregation by producing exopolymers (EPS). However, they can survive under low nutrient conditions and water stress because of their ability to sporulate and their resistance to dessication (Losick et al., 1986) . Culture-independent methods used to study bacterial communities have received particular attention in recent years because the majority of soil bacteria, that is, more than 99%, are not accessible by cultivation methods. However, molecular approaches are not yet fully feasible to establish the potential to form macroaggregates of a microbial community. Although cultural methods to study the microbial community do not account for every species present in a given environment, knowledge of such species that can be identified in association with aggregation is essential. Our approach using predominant culturable isolates from microaggregates combined with measurements of their soil aggregative ability appears to be a good starting point to provide information on microbial populations that can function as soil aggregators because no molecular method is available to test for soil aggregation as this metabolic potential can have different genetic backgrounds. To our knowledge, this study is the first to explore the changes of soil-aggregating bacterial communities in microagggregates held inside macroaggregates caused by irrigation and tillage practices of an agricultural system cropped to barley and a CRP plantation and to relate these changes to the process of soil aggregation. By understanding how soil water content and organic matter influence the predominant heterotrophic populations of culturable soil-aggregating bacteria, we can gain insight into specific communities (species composition) that could be important players in the formation and stability of macroaggregates.
